Abnormal protein aggregation and intracellular or extracellular accumulation of misfolded and aggregated proteins are key events in the pathogenesis of different neurodegenerative diseases. Furthermore, endoplasmic reticulum stress and impairment of the ubiquitin-proteasome system probably contribute to neurodegeneration in these diseases. A characteristic feature of AD (Alzheimer's disease) is the abnormal accumulation of Aβ (amyloid β-peptide) in the brain. Evidence shows that the AD-associated PS (presenilin) also forms aggregates under certain conditions and that another AD-associated protein, ubiquilin-1, controls protein aggregation and deposition of aggregated proteins. Here, we review the current knowledge of ubiquilin-1 and PS in protein aggregation and related events that potentially influence neurodegeneration.
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from human brain [7, 8] . Staining of cells with ubiquilin-1 antibodies has indicated cytoplasmic subcellular localization, with some immunoreactivity at the periphery of the cells [6] . Furthermore, staining of human brain revealed a prominent presence of ubiquilin-1 in neurons [5] .
Ubiquilin-1-interacting proteins
A yeast two-hybrid screen demonstrated that ubiquilin-1 interacts with the AD (Alzheimer's disease)-associated PS (presenilin) [5] (see below). Similarly, ubiquilin-1 was shown to interact with mTOR (mammalian target of rapamycin), a major inhibitor of autophagocytosis, but the function of this interaction is unclear [6] . Ubiquilin-1 also binds other proteins, such as bHLH (basic helixloop-helix) transcription factors [9] and IAP CD47 to induce cell spreading [10] and heterotrimeric G-protein to inhibit cell migration [11] . Furthermore, ubiquilin-1, enriched at inhibitory synapses, enhances membrane insertion, cell surface number and subunit stability of GABA (γ -aminobutyric acid) receptors and thus may regulate synaptic inhibition [12, 13] . Finally, ubiquilin-1 regulates nicotine-induced up-regulation of neuronal nAChR (nicotinic acetylcholine receptors) by directing unassembled nAChR subunits for proteasomal degradation and therefore limiting nAChR levels on the plasma membrane [14] . Mounting evidence suggests that ubiquilin-1 regulates the levels and UPS (ubiquitin-proteasome system)-mediated degradation of several other proteins as well (see below).
Ubiquilin-1 is an AD-associated protein
AD is the most common cause of dementia, characterized by global cognitive decline and memory impairment [15] . Neuropathological hallmarks of AD brain include extracellular amyloid plaques, consisting of Aβ (amyloid β-peptide), intraneuronal NFTs (neurofibrillary tangles), composed of the hyperphosphorylated MAP (microtubuleassociated protein) tau protein, and a diffuse loss of neurons and synapses in the cortex [16] . Aβ is proteolytically produced from its precursor APP (amyloid precursor protein) by BACE (β-site APP-cleaving enzyme) and PS/γ -secretase (PS-dependent γ -secretase) [17] .
We have demonstrated that SNPs (single nucleotide polymorphisms) in the UBQLN1 (ubiquilin-1 gene), genetically associate with AD [8] . The risk-conferring haplotype was defined by a single intronic SNP downstream of exon 8 (rs12344615, also known as 'intron 8'). Furthermore, the risk allele was associated with an increased ratio of ubiquilin-1 TV2 to the full-length TV1 in AD brain. These results suggest that genetic variants of UBQLN1 increase the risk of AD, possibly by affecting the alternative splicing of the UBQLN1 gene [8] . Although genetic association between UBQLN1 and AD was not found in all replicate studies in different populations [18] [19] [20] [21] [22] [23] [24] (for an up-to-date overview of AD genetic association studies on UBQLN1, see the AlzGene website at http://www.alzgene.org; [25] ), some studies have confirmed that UBQLN1 is associated with risk for AD [18, 22, 24] .
As further substantiation of the link between ubiquilin-1 and AD, we found that ubiquilin-1 interacts with APP and that knockdown of ubiquilin-1 in human neuroglioma cells increases APP maturation, trafficking to plasma membrane and proteolytic processing, as shown by augmented levels of APP CTFs (C-terminal fragments) and secretion of soluble N-terminal APP peptides and Aβ. Therefore we propose that ubiquilin-1 controls APP trafficking to the plasma membrane through the secretory pathway and thus influences Aβ generation [26] . Agreeing with these results, co-overexpression of the Drosophila ubiquilin orthologue dUbqln with hAPP (human APP) in the fly eye decreased full-length APP and APP CTF levels in vivo. Moreover, silencing of dUbqln in the central nervous system in Drosophila caused age-dependent neurodegeneration and shortened life span. In the eye, silencing of dUbqln enhanced retinal degeneration induced by dPsn (Drosophila PS) overexpression, whereas overexpression of dUbqln rescued the dPsn-induced degeneration and eye malformation, suggesting that ubiquilin-1 is cytoprotective [27] . In contrast to our findings, Zhang et al. [28] showed that ubiquilin-1 knockdown in human neuroblastoma cells decreased APP maturation and processing. Also, ubiquilin-1 knockdown in transgenic flies was shown to decrease the steadystate levels of APP and APP CTF, whereas ubiquilin-1 overexpression had an opposite effect [29] . Even though these studies show contrasting results to our previous results, they undoubtedly demonstrate that ubiquilin-1 affects maturation and processing of APP, perhaps in a cell-type-specific manner and thus it may affect AD pathogenesis.
Ubiquilin antibodies co-stain NFTs in the AD brain and Lewy body inclusions in the brain of individuals with PD (Parkinson's disease) [5] . Also ubiquitin immunoreactivity is strongly associated with NFTs and Aβ plaques in AD brain [30, 31] . Moreover, ubiquilin-1 associates with intranuclear inclusions containing expanded polyglutamine protein in the cell and the mouse model of HD (Huntington's disease) [32] . Ubiquilin overexpression suppressed the aggregation and toxicity of polyglutamine and polyalanine proteins in cells and a Caenorhabditis elegans model of HD [33, 34] . Furthermore, ubiquilin interacted with and enhanced the degradation of expanded polyglutamine proteins, possibly by targeting them to proteasomal degradation [35] . Collectively, these findings support the notion that ubiquilin-1 plays an important role in the pathogenesis of AD and also other slowly progressing neurodegenerative diseases involving abnormal protein aggregation.
Ubiquilin-1 and cytoprotection under stress conditions
ER (endoplasmic reticulum) stress is activated in neurodegeneration and PSEN (PS gene) mutations impair UPR (unfolded protein response), implying that these events are affected in AD [36, 37] . UPR is activated when cells undergo stress and unfolded proteins accumulate in the ER. To overcome ER stress, ER-resident molecular chaperones and foldases are activated, protein synthesis is down-regulated and clearance of unfolded proteins through ERAD (ERassociated degradation) is enhanced in cells. A report by Ko et al. [38] indicated that under hypoxic conditions, the levels of ubiquilin-1 and protein disulfide-isomerase, a foldase, were up-regulated and ubiquilin-1 attenuated the induction of CHOP [C/EBP (CCAAT/enhancer-binding protein)-homologous protein], a UPR-inducible transcription factor. Similarly, we showed recently that, under tunicamycininduced ER stress, ubiquilin-1 TVs TV1, TV2 and TV3 attenuated CHOP induction and increased cell viability [7] . Interestingly, TV3, which lacks most of the UBL domain, had the strongest cytoprotective effect among the variants [7] . Furthermore, ubiquilins, recruited by HERP (homocysteine-induced ER protein), a protein upregulated in response to ER stress, are involved in ERADdependent degradation of HERP-dependent substrates [39] . In summary, these observations suggest that ubiquilin-1 plays a role in the UPR and confers cytoprotection under stress.
Ubiquilin-1 interacts with AD-associated PS
PS plays a fundamental role in AD pathogenesis. First, mutations in the PSEN1 and PSEN2 genes encoding PS1 and PS2 respectively cause early-onset AD and increase Aβ generation [40, 41] . Secondly, PS is an essential catalytic subunit of the PS/γ -secretase complex, cleaving APP to generate Aβ [16] . Ubiquilin was identified as a PS-interacting protein in a yeast two-hybrid screen and was shown to directly bind to and co-localize with PS1 and PS2 in the same subcellular compartments [5] . Our studies by using fluorescence resonance energy-based techniques confirmed these findings and indicated that the co-localization and interaction of ubiquilin-1 and PS1 take place near the cell surface in cells and mouse primary neurons. Furthermore, we showed that PS1 and ubiquilin-1 interact in human brain in both control and AD subjects [42] .
Previous studies indicate that PSs undergo ubiquitination and proteasomal degradation [43] [44] [45] . Ubiquilin was demonstrated to increase accumulation of PS, but not various other proteins, to form ubiquitinated HMM (highmolecular-mass) complexes, suggesting that it specifically promotes PS aggregation [5] . In line with this, ubiquilin-1 overexpression increased the levels of full-length PS1 and PS2 and selectively reduced the proteasomal degradation of HMM PS2. Moreover, ubiquilin-1 co-localized with ubiquitinpositive structures and aggresomes in cells, indicating association with ubiquitinated proteins. It is unclear, however, whether the stabilization of PS2 and HMM PS2 resulted from the fact that ubiquilin-1 prevented polyubiquitin chain elongation and thus recognition by the proteasome, or whether ubiquilin-1 by binding to the polyubiquitin chain on PS2 physically prevented its interaction with the proteasome [46] . In addition, overexpression of ubiquilin-1 or -2 was reported to decrease the levels of PS N-terminal fragment or PS CTF and two other PS/γ -secretase complex components, nicastrin and Pen-2 (presenilin enhancer-2 subunit of γ -secretase), whereas ubiquilin knockdown had an opposite effect [47] . These results suggest that ubiquilin regulates PS endoproteolysis and PS/γ -secretase complex component levels or, alternatively, that PS endoproteolysis may be prevented because full-length PS aggregates in the presence of ubiquilin. On the other hand, we did not observe any effects of ubiquilin-1 knockdown on the steady-state levels of the complex components or activity of PS/γ -secretase in different cells [26] . Thus, although clarifying the impact of ubiquilin-1 on PS/γ -secretase requires further studies, these findings together emphasize that ubiquilin-1 regulates PS degradation and aggregation.
Aggresomes and PS
As ubiquilin interacts with PS, increases HMM PS formation, associates with polyubiquitinated proteins and was shown to co-localize with PS2 in the aggresomes, it is possible that ubiquilin targets aggregated PS to the aggresomes [5, 46] . Accumulation of misfolded or aggregated proteins is a characteristic of many neurodegenerative diseases. In response to protein misfolding, molecular chaperones, foldases and the UPS are activated to refold or discard the potentially toxic aggregates. However, when this machinery becomes overwhelmed, the cytoplasmic protein aggregates are actively transported along the microtubules to a perinuclear location to form inclusion bodies termed aggresomes. Aggresomes are composed of molecular chaperones and proteasomal subunits, in addition to aggregated potentially polyubiquitinated proteins, and they co-localize with centrosomal proteins, such as γ -tubulin. Furthermore, typical of aggresomes is redistribution of the intermediate filament protein vimentin to form a cage surrounding the aggresomal core, which may contribute to the stability of the aggresomes [48] . Autophagosomes and lysosomes have been found to accumulate around the aggresomes, suggesting that aggresomes may be disposed of by autophagocytosis. Therefore aggresome formation is considered as a protective phenomenon to remove aggregated proteins from the cytosol, where they might interfere with cellular function, and an intermediate step before autophagic degradation. The aggresome-autophagy pathway and its relation to neurodegenerative diseases are discussed elsewhere [48, 49] .
Studies by Johnston et al. [50] using CFTR (cystic fibrosis transmembrane conductance regulator), an inefficiently folded membrane protein undergoing UPS-dependent degradation, as a model protein have been central to the characterization of aggresome formation. These authors also showed that degradation of PS1 and PS1 containing a familial AD mutation (PS1/A246E) was prevented under proteasomal inhibition. This resulted in the accumulation of detergentinsoluble full-length and HMM forms of PS1 and PS1/A246E and redistribution of the aggregated PSs into aggresomes that were surrounded by a vimentin envelope [50] . Another report indicated that also a novel PS-binding protein, specifically expressed in the brain, was present in aggresomes in cells and primary neurons [51] . Whether ubiquilin-1 directly regulates PS targeting to the aggresomes and whether this has implications in AD pathogenesis remain interesting open questions. Figure 1 shows the possible role of ubiquilin-1 in PS targeting to the proteasome or aggresome.
Ubiquilin-1, protein aggregation and aggresome formation
Evidence in a polyglutamine disease model shows that ubiquilin-1 and EPS15 (an endocytic protein) localized to the aggresomes and that polyglutamine enhanced their in vivo interaction [52] . Moreover, knockdown of ubiquilin-1 and EPS15 decreased aggresome formation, and the UBL domain of ubiquilin-1 was proven to be prerequisite for polyglutamine transport to the aggresomes and association of EPS15 with the aggregates [52] . These results propose that during increased protein aggregation when the proteasome becomes overwhelmed, the interaction of ubiquilin-1 with EPS15 is enhanced, promoting deposition of aggregated proteins to aggresomes [52] . Furthermore, it was shown recently that ubiquilins regulate autophagydependent cell survival under nutrient starvation [53] . Overexpression of ubiquilin-1 or -2 protected cells from death, whereas knockdown of ubiquilins rendered the cells susceptible during starvation. Ubiquilins were demonstrated to associate with autophagosomes through their UBA domain, and this association was required to mediate The ubiquilin N-terminus interacts with multiple sites in PS [41] . Ubiquilin-1 contains an N-terminal UBL domain and a C-terminal UBA domain. It also contains asparagine-and proline-rich repeats (Asn-Pro) that may mediate protein-protein interactions [5] . During PS misfolding (1a), ubiquilin-1 binds to the polyubiquitin (Ub) chain on PS via its UBA domain and brings PS to the proteasome for degradation. Ubiquilin-1-proteasome interaction is mediated by the UBL domain [2] . During PS aggregation (1b), polyubiquitinated PSs accumulate and form HMM complexes, which cannot be degraded by the proteasome. Ubiquilin-1 binds to the polyubiquitinated HMM PS and targets it to the aggresome [5, 50] (2). The cytosolic HMM PS complexes are transported along microtubules on retrograde motors to a perinuclear location, where they co-localize with centrosomal γ -tubulin (grey dots) in the nuclear indentation (3). The aggresome containing HMM PS is surrounded by vimentin envelope [48] (4) . Subsequently, aggresomes may be degraded by autophagocytosis. Ubiquilin-1 may also target other aggregated proteins to the aggresome-autophagosome pathway in a similar manner. the cytoprotection. Additionally, ubiquilin associated with autophagy-destined protein aggregates, including aggregated huntingtin, an HD-associated protein [53] . It is also worth noting that ubiquilin-1 was previously shown to interact with mTOR, a key inhibitor of autophagy, and that inhibition of mTOR induced autophagy and reduced the toxicity of polyglutamine expansions in HD models [6, 54] .
Recently, ubiquilin-1 was proven to interact via its UBA domain with polyubiquitinated TDP-43 (43 kDa TAR DNA-binding protein), a protein present in ubiquitinpositive cytoplasmic neuronal aggregates in subjects with frontotemporal dementia and amyotrophic lateral sclerosis [53] . Dependent on its UBA domain, ubiquilin-1 stimulated the aggregation and targeting of TDP-43 to autophagosomes. Interestingly, the ubiquilin-1 allelic variant lacking exon 8, which we found to be genetically associated with AD risk, failed to efficiently recruit TDP-43 to the cytosolic aggregates [55] , suggesting that the lack of exon 8 may have functional correlates beyond those described above.
Taken together, ubiquilin-1 appears to play a central role in the regulation of protein aggregation and targeting of aggregated proteins to the aggresome-autophagosome pathway for disposal under conditions of excessive protein aggregation related to different neurodegenerative diseases.
Conclusions
The findings in different cell lines in vitro and disease models in vivo indicate an important role for ubiquilin-1 in the targeting of different proteins for degradation to the UPS under normal conditions or to the aggresomeautophagosome pathway under conditions when aggregated proteins accumulate excessively. Therefore ubiquilin-1 appears to function as a cytoprotective protein not only in AD pathogenesis, but also in that of other neurodegenerative diseases involving abnormal protein aggregation, ER stress and potential impairment of the UPS. Future studies will elucidate in more detail how ubiquilin-1 exerts its function to regulate the delicate balance between protein degradation and aggregation. 
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